Insights into the conformational passage of a polypeptide chain across its free energy landscape have come from the judicious combination of experimental studies and computer simulations 1,2 . Even though some unfolded and partially folded proteins are now known to possess biological function 3 or to be involved in aggregation phenomena associated with disease states 1,4 , experimentally derived atomic-level information on these structures remains sparse as a result of conformational heterogeneity and dynamics. Here we present a technique that can provide such information. Using a 'Trp-cage' miniprotein known as TC5b (ref. 5), we report photochemically induced dynamic nuclear polarization NMR 6 pulse-labelling experiments that involve rapid in situ protein refolding 7, 8 . These experiments allow dipolar cross-relaxation with hyperpolarized aromatic side chain nuclei in the unfolded state to be identified and quantified in the resulting folded-state spectrum. We find that there is residual structure due to hydrophobic collapse in the unfolded state of this small protein, with strong inter-residue contacts between side chains that are relatively distant from one another in the native state. Prior structuring, even with the formation of non-native rather than native contacts, may be a feature associated with fast folding events in proteins.
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Experimental advances in nuclear magnetic resonance (NMR) spectroscopy have led to the characterization of a diverse range of unfolded states of proteins 9 . In many cases the presence of residual structure has been shown [10] [11] [12] [13] , but with some significant exceptions 14 the poorly resolved spectra of the unfolded state, arising from conformational exchange and dynamic averaging, have generally hampered structural analysis by NMR. We report here the use of an NMR technique that circumvents some of these problems by transferring information from the unfolded or partially folded states of proteins to the native state 15 . Using this 'pulse-labelling' strategy, we probe the unfolded state of TC5b (relative molecular mass M r 5 2,169), a miniprotein that possesses key structural hallmarks normally only found in larger proteins 5 . Despite its high relative contact order, TC5b is an ultrafast folding protein 16 . This property, together with its small size, has made it an attractive subject for molecular dynamics folding simulations [17] [18] [19] [20] [21] . Three methodologies are combined in this 'pulse-labelling' experiment (Fig. 1). (1) Photo-CIDNP (chemically induced dynamic nuclear polarization) 6, 22 , a technique for enhancing the NMR signals ('hyperpolarization') of solvent-accessible tryptophan, tyrosine and histidine side chains by means of a laser-induced reaction of the protein with a flavin photosensitizer. (2) Rapid homogeneous mixing of solutions in the NMR sample tube to trigger the folding of a denatured protein on a timescale faster than nuclear spin-lattice relaxation ( Supplementary Fig. 1 ) 7, 8 . To these two techniques we add here, for the first time, (3) transfer of nuclear magnetization via nuclear Overhauser effects (NOEs) from the hyperpolarized side chain protons to neighbouring atoms before the refolding step. As a result, inter-residue contacts in unfolded conformations can be detected in the well-resolved NMR spectrum of the refolded native state.
H photo-CIDNP measurements were initially performed on the native and denatured states of TC5b. The photo-CIDNP spectrum of native TC5b (Fig. 2b) is considerably simpler than the conventional NMR spectrum (Fig. 2a) and Trp 6, are hyperpolarizable. The enhancements of the two aromatic side chains reflect the rates of their reaction with the photoexcited flavin 6, 22 . ; they correlate well with the cross-peaks between protons separated by 2.0-3.5 Å previously observed in two-dimensional nuclear Overhauser effect spectroscopy (NOESY) spectra of the native state 5 ( Supplementary Fig. 2 ). The mixture of absorptive and emissive signals in the aliphatic regions of Fig. 2c and d reflect the different phases of the hyperpolarized tyrosine and tryptophan nuclei 23 . In contrast, the NMR (Fig. 2e ) and photo-CIDNP spectra of TC5b unfolded in 6.0 M urea ( Fig. 2f-h ) differ noticeably from those of the native state. The polarized aromatic Trp 6 signals are stronger than those of Tyr 3; together with their linewidth differences and chemical shift movements, this suggests a less structured and more accessible environment for Tyr 3 in the denatured state. The NOESY spectra of the denatured state ( Supplementary Fig. 2 ) show that almost all of the peaks have different chemical shifts. Furthermore, most of the amide and aromatic protons are not well-resolved in the spectrum of the denatured state, making direct resonance assignment extremely difficult. Nonetheless, the photo-CIDNP spectra at longer irradiation times ( Fig. 2f-h ) do display NOEs.
The pulse-labelling experiment (Fig. 1 ) entails production of photo-CIDNP and build-up of NOEs in the denatured state, followed by rapid injection of the protein solution into refolding buffer in the NMR sample tube. A free induction decay is acquired after a specified delay (100 ms) to allow complete mixing in situ 7 . The resulting CIDNP spectrum of the refolded native state exhibits aliphatic resonances whose amplitudes reflect the CIDNP-NOEs that were generated before folding. TC5b is well suited to this procedure, as refolding has been shown to be very rapid (the time constant for refolding being 4 ms; ref. 16 ).
The pulse-labelled ('Unfolded-to-Native', U-to-N) spectrum of TC5b (Fig. 3b) differs considerably from the conventional CIDNP spectrum of native TC5b (Figs 2d and 3d) , especially with regard to the prominent signals in the aliphatic region (0.5-2.0 p.p.m.). Control experiments in which conditions were chosen so that the injection resulted in no change of state of the protein were also performed: U-to-U and N-to-N ( Fig. 3a and c, respectively) . These control spectra strongly resemble the corresponding conventional CIDNP spectra ( Fig. 2h and d, respectively) , supporting the conclusion that the aliphatic signals in the U-to-N pulse-labelled spectrum truly reflect inter-residue contacts in the unfolded ensemble.
The U-to-N NOE peaks (Fig. 3b) can be identified straightforwardly from the NMR chemical shift assignments of the native state ( Supplementary Fig. 2 and Supplementary Table 1 ). Four side chains were found to be recipients of cross-polarization: Ile 4, Leu 7, Pro 12 and Arg 16. In addition, because Tyr 3 is largely exposed to the solvent and well-removed from neighbouring side chains (Supplementary Table 2 ), estimates of the protonproton distances are obtained using, as a calibration, the ensembleaveraged distance of 3.41 Å from Trp 6 HD1 to the Arg 16 HB2 proton in the TC5b native state (Table 1) . 
LETTERS
The NOE contact distances observed between Trp 6 and Ile 4, Leu 7, Pro 12 and Arg 16 sites in the unfolded state are, with one exception, shorter than those in the compact native state (Table 1) . Although the NOEs in the U-to-N spectra could be attributed to independent close contacts in different conformers rather than a more compact ensemble characterized by a hydrophobic collapse, this would require unrealistically short distances in individual conformers, particularly for the Trp 6/Pro 12 interaction. The hydrodynamic radius of the unfolded state, obtained from diffusion NMR experiments (8.0 6 0.2 Å ; Supplementary Fig. 4 ), is slightly larger than that of the native state (7.4 6 0.1 Å ), but not nearly large enough to be consistent with a fully unfolded, random coil structure 24 . Thus, the short distances observed appear to result from simultaneously co-existing contacts within a compact ensemble of structures. Figure 4a shows a representation of a partially collapsed state consistent with the U-to-N NOE observations. A notable nonnative interaction involves Ile 4, which lies on the opposite side of the amino-terminal helix and hence is not within NOE range in the native state (Fig. 4b) . In addition, although Arg 16 forms a stabilizing salt bridge with Asp 9 in the native state 5 , it is the aliphatic part of the Arg 16 side chain that is found to be associated with Trp 6 in the unfolded state. Furthermore, native-state NOEs between Trp 6 and Pro 17-19 are absent in the U-to-N spectrum. Instead, and in agreement with chemical shift melting data 5 , the unfolded state has a closer association of Trp 6 and Pro 12. Our conclusion regarding a preformed hydrophobic cluster in TC5b is consistent with spectroscopic results that show that the denatured state ensemble of the Ile4Gly substitution mutant contains a larger fraction of random coil structures 25 , and that Trp 6 is situated within a hydrophobic environment in the thermally-denatured state 26 . What implications does the existence of structural features in the unfolded ensemble have for the fast folding of TC5b? The existence, in simulated folding trajectories, of the Asp 9/Arg 16 salt bridging before achieving the native orientation of the Trp 6 side chain with respect to the prolines has been viewed either as a potential kinetic trap 21 or as an accelerating feature 18 . In the case of a Pro12Trp variant designed to favour prior formation of an edge-to-face Trp 6/Trp 12 interaction, Trp-cage folding is further accelerated 27 , suggesting that the close interaction between Trp 6 and Pro 12 found here may contribute to the fast folding of the protein. In another case, fluorescence studies on TC5b analogues have shown that a decrease in folding speed is found when elements of the residual structure in the denatured state are removed 25 . Simulation studies with an extended starting structure suggest that there is an initial collapse event, with different hydrophobic interactions formed depending on the specific trajectory 17, 18 ; these interactions may determine the further course of the simulated folding. In agreement with some of the interactions found in silico 18 , we find that both native and non-native specific contacts pre-exist in the unfolded ensemble. Hence, it appears that the pre-formation of hydrophobically collapsed structures in the equilibrated unfolded state may be a significant factor in accelerating folding 28 . The CIDNP pulse-labelling technique can be applied generally to other proteins, provided that a suitable aromatic side chain is present and refolding is fast enough to compete with the relaxation of the nuclear hyperpolarization. Applications to proteins that fold more slowly than ,100 ms will require either more dramatic hyperpolarizations 22, 29 or slower nuclear spin-lattice relaxation 30 . We therefore anticipate that this approach will provide valuable information on the structures of denatured states of many proteins, particularly those that refold rapidly.
METHODS
In situ rapid mixing injection device. The in situ rapid mixing injection device recently developed and used for real-time protein refolding NMR 7 and CIDNP pulse-labelling NMR 8 experiments was further modified to improve its performance and durability. Details of the proteins and reagents and the injection device can be found in Supplementary Information and Supplementary Fig. 1 . Rapid refolding and NMR experiments. A volume of 30 ml of 1.5-2.0 mM TC5b or 19 F-Tyr-TC5b (a control, see Supplementary Information) in 6.0 M urea, 0.05 M sodium citrate buffer, pH 7.5, with 0.3 mM FMN was loaded as injectant. The experiment was performed at 5 uC to ensure essentially complete refolding to the native state 5 ( Supplementary Fig. 5 ). Polarization of the injectant was carried out using an Ar 1 laser (Spectra Physics BeamLok 2080, multiline mode, 24 W output power) gated for a specified time period (usually 500 ms) using a mechanical shutter (NM Laser Products LS200). The unfolded protein solution was then pneumatically injected into 300 ml of refolding buffer (0.05 M sodium citrate, pH 7.5) contained in the NMR sample tube, resulting in an 11-fold dilution of the denaturant. Complete mixing and folding is accomplished within 50 ms of injection 7 . (The first-order time constant for refolding of TC5b has been determined 16 to be 4 ms.) Each pulse-labelled spectrum was the difference between the sum of eight 'light' and 'dark' experiments, where 'light' spectra are those acquired after a laser flash, and 'dark' spectra are those acquired without laser illumination. Further details on the photo-CIDNP and conventional NMR experiments, along with data analysis and extraction of cross-polarized distances, are described in Supplementary Information. 
